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The genes encoding triple gene block (TGB) movement proteins
occur in virus genomes as a set of three partially overlapping open
reading frames (ORFs) in the same RNA molecule in the order TGB1,
TGB2 and TGB3. The TGB proteins function in a coordinatedmanner to
facilitate virus movement. They are found in more than eight virus
genera and two groups of TGBhave been distinguished, the hordei-like
or class 1 (which includes TGB containing hordei-, pomo-, peclu- and
benyviruses) and the potex-like or class 2 (which includes potex-,
carla-, fovea- and allexiviruses) (see reviews byMorozov and Solovyev,
2003; Verchot-Lubicz et al., 2007; Jackson et al., 2009). In this paper we
focus on TGB3 proteins that belong to class 1 (hordei-like group). TGB3
proteins vary both between class 1 and class 2 and within members of
class 1. For example, potex-like or class 2 TGB3s range in mass between
6 and 13 kDa and computer programmes predict a single transmem-
brane domain with the N terminus located in the lumen of the
endoplasmic reticulum (ER; Morozov and Solovyev, 2003). In contrast,
class 1 TGB3s of hordei-, pomo- and pecluviruses range between 17 and24 kDa and sequence analysis reveals that they share some conserved
amino acid motifs, whereas the benyvirus (such as beet necrotic yellow
vein virus) TGB3 is smaller at 15 kDa and has no obvious sequence
similarities to other TGB3 proteins. Computer programmes predict that
the TGB3 of class1 have two transmembrane domains with the N
terminus located in the ER lumen (Solovyev et al., 1996).
Current evidence on the coordinated mode of action of class 1 TGB
proteins for cell-to-cell movement suggests that ribonucleoprotein
(RNP) complexes comprising TGB1 together with genomic and
subgenomic RNA (Lim et al., 2008) are transported to and through
plasmodesmata (PD) by the integral membrane proteins TGB2 and
TGB3, which do not themselves move inter-cellularly (Lim et al., 2008,
Haupt et al., 2005, Zamyatnin et al., 2004; Erhardt et al., 2005, Lawrence
& Jackson, 2001; reviewed in Jackson et al., 2009). However, recent
studies on themechanism of delivery of vRNP to PDmay differ between
viruses with class 1 TGB. The results of experiments using chemical
treatments that disrupt the function of components of the cytoskeleton
suggest that the TGB3 of potatomop-top pomovirus (PMTV) utilises the
actin-ER network for intracellular movement (Haupt et al., 2005),
whereas for poa semi-latent virus (PSLV), a hordeivirus, such treatments
had no effect on TGB3 movement and it was suggested that PSLV
TGB3 PD targeting may be achieved by diffusion in the cytoplasm
(Schepetilnikov et al., 2008).
Although the TGB proteins operate in a coordinated manner the
precise details are not well understood. Heterologous interactions
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barley stripe mosaic virus (BSMV) and between the TGB2 and TGB3 of
BSMV (Lim et al., 2008) and of PMTV (Cowan et al., 2002). TGB2 and
TGB3 are expressed from overlapping ORFs in the same subgenomic
RNA, with TGB3 expressed by leaky ribosome scanning, resulting in
the relative ratio TGB2:TGB3 of 10:1 (estimated by in vitro translation
studies; Zhou and Jackson, 1996). Biochemical and infectivity studies
have shown that disrupting the interaction between BSMV TGB2 and
TGB3 or changing the relative ratio by overexpression of TGB3 leads
to inhibition of virus movement (Lim et al., 2008; 2009). Live-cell
imaging of ﬂuorescent fusion proteins showed that targeting of the
BSMV TGB2 to the periphery and cell wall was dependent on its
interaction with TGB3 and such targeting was optimal when the
proteins were expressed at the relative ratios of 10:1 TGB2:TGB3.
Moreover, mutation of a single amino acid at the C terminus affected
the capacity of TGB3 to be retained at the cell wall (Lim et al., 2009).
TGB3 directs the TGB2 and RNP complex to the cell periphery and
PDs (Solovyev et al., 2000; Gorshkova et al., 2003; Zamyatnin et al.,
2004; Haupt et al., 2005; Lim et al., 2009). It was also shown that both
PMTV TGB2 and TGB3have the capacity to gate PDs (Haupt et al., 2005).
Mutational analysis of TGB3 identiﬁed conserved motifs YQDLN and
Ix6QxxPxG in the central hydrophilic region as being associated with
assisting targeting of TGB2 to stationary aggregates at the periphery of
the cell, termed ‘peripheral bodies,’ that are associated with PDs.
Disruption or mutation of these conserved motifs abolished such
targeting (Solovyev et al., 2000; Haupt et al., 2005). Solovyev et al.
(2000) found that deletion of the C-terminal hydrophobic region
(containing the second transmembranedomain)didnot affect targeting
to periphery of the cell, but more recently, further analysis suggested
that it does play a role (Schepetilnikov et al., 2008).
In this paper we investigate the role of the pomovirus PMTV TGB3
transmembrane domains and putative PD targeting signals in protein
localisation and interactions with TGB2 and compare the results with
published ﬁndings for the TGB3 of the hordeiviruses PSLV and BSMV.
The results show that amembrane anchored ER lumenalmotif and the
C-terminal transmembrane domain are required for TGB3 PD
targeting and virus intercellular movement. Furthermore, optimal
TGB3-assisted PD targeting of TGB2 is achieved when TGB2 and TGB3
are expressed from a bicistronic plasmid at relative ratios consistent
with those expected to occur in a natural viral infection. We also
provide the ﬁrst experimental evidence for the membrane topology
of TGB3 and discuss the implications of this topology for TGB3
interactions.
Results
Subcellular localisations and interactions of TGB3
Previously, we found that when GFP- or mRFP-TGB3 was expressed
in Nicotiana benthamiana epidermal cells, ﬂuorescence was ﬁrst seen
labeling the cortical ER, and then in ER-associated motile granules and
small stationary deposits at the periphery (Cowan et al., 2002, Haupt
et al., 2005) some of which co-localised with TMV 30 K MP used as a
marker for PD (Tomenius et al., 1987). In some of those experiments,
TGB3 localisation was investigated using constructs expressed from a
tobacco mosaic virus vector. To conﬁrm these data, we imaged cells
expressingmRFP-TGB3 from a bombarded 35 S plasmid (Fig. 1A and B).
As expected, TGB3 was found associated with the ER and granules, and
some, but not all PD in a similar temporal manner (number of imaged
cells: n=100). PD targeting was conﬁrmed using aniline blue, which
stains callose at the neck of the pore (Fig. 1B). Note that the images here
and in the rest of the paper were typical examples of the phenotype
observed in cells in at least two independent experiments.
In our previous experiments (Cowan et al., 2002, Haupt et al.,
2005), GFP-TGB2 when expressed alone did not target PD (Fig. 1C).
When expressed together with mRFP-TGB3 from separate 35 Splasmids, some dual-labelled stationary structures formed at the
periphery, but these also did not co-localise with PD (Haupt et al.,
2005). It has been shown that the relative ratios of BSMV TGB2 and
TGB3 expressed in the cell can inﬂuence PD targeting (Lim et al., 2009)
so here we investigated whether GFP-TGB2 associates with PD when
PMTV TGB2 and TGB3 are expressed as in a virus infection with lower
levels of TGB3 than TGB2. Bombardment of a bicistronic plasmid 35 S::
GFP-TGB2:TGB3 resulted in labeling of the tubular ER network and ER-
associated granules (Fig. 1D), as for individually expressed GFP-TGB2
(Cowanet al., 2002, Haupt et al., 2005), but therewas also extensive PD
localisation of GFP-TGB2 which appeared to enter the pore and
decoratemost of the stationary spots labelledwith the PDmarker TMV
30 K-mRFP (Fig. 1E–F; n=20). In marked contrast, in cells with high
expression levels, GFP-TGB2 labelled few or no PD, the ER was more
faintly labelled and highly ﬂuorescent ‘sausage-shaped’ structures
were found overlying the trigonal network (Fig. 1G) which we think
may be overexpression artefacts.
To investigate whether the increased PD labeling by GFP-TGB2
expressed from the bicistronic plasmid was due to decreased expression
levels of TGB3 compared to expression froma separate 35 S plasmid, or to
improved functionality of unfused TGB3, the bicistronic 35 S::GFP-TGB2:
TGB3 plasmid was co-bombarded with 35 S::TGB3 to increase the
amount of unlabelled TGB3 relative to GFP-TGB2. In none of the cells
examined (n=37) was green ﬂuorescence found associated with PD in
either high (Fig. 1H) or low (Fig. 1I) expressing cells and ER labeling was
faint and inconsistent (compare Fig. 1I and F). These results indicate
that the TGB2:TGB3 ratio, rather than free TGB3 per se inﬂuences TGB3-
assisted PD targeting of GFP-TGB2.
Analysis of TGB3 deletion mutants
Mutational analysis was done to determine the domains in TGB3
that affect subcellular localisation, association with TGB2 and PD
targeting. To reveal PD targeting, leaf tissue was either inﬁltrated with
aniline blue or proteins were co-localised with TMV 30 K-GFP. Since
the TGB2 and TGB3 reading frames partially overlap in the bicistronic
plasmid, the TGB3 deletion mutants were made in the 35 S::mRFP-
TGB3 plasmid. A series of deletion mutants were created to assess the
function of different domains. These mutants were named to indicate
the length of deletion from either the C or N terminus (see Fig. 2).
Expression of mutant ΔN56 (lacking the hydrophilic N terminus)
gave a pattern of ﬂuorescent localisations identical to wild-type
protein (n=27 cells). Fluorescence co-localised with aniline blue in a
subpopulation of PD (Fig. 3A–C). In addition, and similar to wild-type
(Cowan et al., 2002; Haupt et al., 2005), mutant ΔN56 co-localised
with TGB2 on the ER and in small, ER-associated, motile granules
(Fig. 3D–F). In striking contrast, ﬂuorescence localisation on expres-
sion of 35 S::mRFP-TGB3 deletion mutants ΔN80 or ΔN100 (lacking
the N terminus and TM1, or the N terminus, TM1 and YQDLN motif
respectively) was markedly altered and identical for both mutants
(n=42 and 37 cells respectively). Red ﬂuorescence was no longer
associated with PD (Fig. 3G) or ER (Fig. 3G–I) but was instead seen
associated with various other intracellular membranes, including the
plasma membrane, chloroplast envelope and vesicles of varying size
(Fig. 3G). Mutants ΔN80 or ΔN100 did not co-localise with callose
(Fig. 3J and K). When ΔN80 or ΔN100 was co-expressed with GFP-
TGB2, little or no co-localisation was observed (Fig. 3L and M). These
results indicate that deletion of the TM1 domain and adjacent
hydrophilic residues severely disrupted the ability of TGB3 to insert
into ER membranes and target PD.
Analysis ofmutantΔC33which lacks the predicted TM2 domain and
the two hydrophilic C-terminal residues showed that, in all cells
examined (n=23), ﬂuorescencewas visible in the ER and ER associated
motile granules similar to wild-type protein (Fig. 3N). Mutant ΔC33 co-
localised with GFP-TGB2 in ER associated motile bodies similar to those
seen with wild-type protein (Fig. 3O). However, mRFP-TGB3 ΔC33 did
Fig. 1. Subcellular localisations and interaction of TGB3. Proteinswere expressed under the control of the 35 S promoter in epidermal cells ofNicotiana benthamiana. (A, B) Cells expressing
mRFP-TGB3 showing red ﬂuorescence in the ER andmotile granules (A) and at plasmodesmata (PD). Panel A shows co-localisation ofmRFP-TGB3 (magenta) onGFP-ER transgenic plants
(green) and darts highlight a few of the motile granules. Panel B shows co-localisation of mRFP-TGB3 (magenta) with aniline blue stain (green) and darts highlight some areas of co-
localisation at PD. Scale bars in panels A and B=5 µm. (C) Cell expressing GFP-TGB2 shows labelling of the ER but no PDs; scale bar=10 µm. (D) Cell expressing GFP-TGB2:TGB3 shows
labelling of the ER and ER-associated motile granules (darts); scale bar=5 µm. (E, F) Cell expressing GFP-TGB2:TGB3 (green; F) together with TMV 30 K-mRFP (magenta; E and F) as a
marker for PD, shows co-localisation of GFP-TGB2 outside the protoplast and in the centre of PD (white overlay in F; some co-localised spots highlightedwith darts). Scale bar in F=5 µm
for panels E and F. (G) Cell with high expression level of GFP-TGB2:TGB3 shows fainter ER localisation, somemembrane labelling and highly ﬂuorescent sausage-shaped structures on the
ER. Scale bar=10 µm. (H) Cell with highly co-expressed GFP-TGB2:TGB3 and unlabelled TGB3. No PD are labelled in cells with high expression levels, but strongly ﬂuorescent sausage-
shaped structures are again present. Scale bar=10 µm. (I) Cell with lower co-expression of GFP-TGB2:TGB3 and unlabelled TGB3 again shows no PD labelling but shows faint ER
ﬂuorescence. Scale bar=10 µm.
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The ΔC33 mutation was also engineered into the RNA-TGB.YFP-TGB1
reporter clone and transcripts of this mutant together with RNA1 were
inoculated to N. benthamiana leaves. The control wild-type reporter
clone moved cell-to-cell producing a spreading lesion 2 days postFig. 2. Diagram of wild-type (WT) and six TGB3 deletionmutants. TM= transmembrane
domain; asterisk represents the position of the tyrosine-based motif.inoculation (Fig. 4A) and yellow ﬂuorescence was seen in punctate
spots at the leading edge of infection (Fig. 4B) which were shown to be
PD (Wright et al., submitted for publication). In contrast, the mutant
reporter virus was always conﬁned to single cells (Fig. 4C) showing that
abolition of PD localization also prevented cell-to-cell movement of the
viral genome.
Analysis of mutant ΔC2 which lacked the C-terminal two amino
acid residues revealed a subcellular localisation identical to that
described for wild-type protein (n=22; data not shown). However,
because the hydrophilic C-terminal residues of BSMV TGB3 have been
shown to play a role in cell wall association (Lim et al., 2009),
plasmolysis experiments were done to investigate whether this was
also true for the PMTV TGB3 protein. Previously, experiments in onion
epidermal cells (Haupt et al., 2005) showed that mRFP-TGB3 was not
retained at the cell-wall following plasmolysis. However, when the
experiments were done in Nicotiana tabacum epidermal cells, we
found that the wild-type protein remained associated with the cell
wall and some PDs (Fig. 4D; n=18/19). The same was found when
cells expressing the bicistronic GFP-TGB2:TGB3 plasmid were plas-
molysed (Fig. 4E). In contrast to our previous results but in agreement
with BSMV TGB3, the mRFP-TGB3 ΔC2 mutant was completely
Fig. 3. Localisations of mRFP-TGB3 deletion mutants expressed under the control of the 35 S promoter in epidermal cells of Nicotiana benthamiana. (A–C) Mutant ΔN56 (magenta;
A) co-localises at PD (C)with aniline blue-stained callose (B; green). Co-localisation is seen inwhite (darts) in the overlay image (C). Scale bar in panel C=5 µm for panels A to C. (D–F)Mutant
ΔN56 (magenta; D) co-expressedwith GFP-TGB2 (green; E) shows co-localisation at ER vertices and inmotile granules. Darts highlight some co-localised regions (white) in the overlay image
(F). Scale bar in panel F=5 µm for panels D to F. (G) Mutant ΔN80 does not associate with PD or the ER but is associated with other subcellular membranes including plastid envelopes,
the plasmamembrane and variously sized vesicles. Chlorophyllﬂuorescence is show in blue. Scale bar=5 µm. (H, I)MutantΔN80 (magenta; H and I) does not associatewith the ER (green; I).
Panel I shows an overlay of theΔN80mutant in a transgenic GFP-ER-expressing cell. Scale bar in panel I=10 µm for panels H and I. (J, K)MutantΔN80 (magenta; J and K) does not localise to
plasmodesmata (K; aniline-blue staining shown in green overlaidwith ﬁgure J). Scale bar in panel K=5 µm for panels J and K. (L andM)MutantΔN80 (magenta; L andM) co-expressedwith
GFP-TGB2 (green;M) shows no co-localisation (M) of the proteins either on ER or in small inclusions. Scale bar=5 µm. (N)MutantΔC33 is localised in the ER and small ER-associatedmotile
granules. Darts highlight someof themotile granules on the ER. Scale bar=10 µm. (O)MutantΔC33 co-localiseswithGFP-TGB2 inmotile bodies on the ER (somehighlightedwith darts); scale
bar=10 µm. (P, Q) Mutant ΔC33 (magenta; P and Q) does not localise to PD (shown in green by aniline blue staining; Q). Scale bar in panel Q=5 µm for panels P and Q.
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remaining 5 cells a small amount of ﬂuorescence remained associated
with PD.
Mutation of the conserved YQDLN motif abolishes TGB3 PD targeting and
virus cell-to-cell movement
It was previously shown that a mutant 35 S::mRFP-TGB3 clone
carrying two amino acid mutations that altered the conserved motifYQDLN to GQDGN abolished targeting of TGB3 to PD and virus
intercellular movement (Haupt et al., 2005; unpublished results). In
addition, the PD gating efﬁciency was decreased by ca. 50% compared to
wild-type TGB3. Here, we introduced a single amino acid substitution,
G for Y89, in this motif (=GQDLN) within the cDNA reporter clone RNA-
TGB.YFP-TGB1. Transcripts of the Y89G mutant RNA-TGB.YFP-TGB1 clone
togetherwith RNA1were used to infectN. benthamiana. The experiments
showed that the mutant reporter virus was conﬁned to single cells
(n=142; Fig. 4G) and YFP-TGB1 ﬂuorescence was distributed uniformly
Fig. 4. Effect of TGB3mutations on infectivity and plasmodesmal association of PMTV reporter clones and studies on TGB3 topology using bimolecular ﬂuorescence complementation (BiFC).
(A) Cell infected with PMTV YFP-TGB1 reporter clone showing amulti-cellular lesionwith ﬂuorescence localised to PD at the infection front. Scale bar=50 µm. (B)Magniﬁed image showing
YFP-TGB1 localisedatPD(somehighlightedwithdarts)at the infection front; scalebar=5 µm. (C)ThePMTVYFP-TGB1reporter clonecarryingadeletion in theTM2domainof TGB3 is conﬁned
to single cells; scale bar=20 μm. (D) Plasmolysis of 30 K-GFP transgenicNicotiana tabacum (green) expressingmRFP-TGB3 (magenta). Some TGB3 remains associatedwith PD at the cell wall
(darts) after the protoplast has retracted. Scale bar=10 µm. (E) Following plasmolysis in anN. tabacum cell expressing GFP-TGB2:TGB3, TGB2 is also retained at the cell wall in the presence of
TGB3 (darts). Scale bar=5 µm. (F) Following plasmolysis of 30 K-GFP transgenicN. tabacum (green) expressing mRFP-TGB3mutant ΔC2 (magenta), themutant is completely retractedwith
the protoplast; none remains in the cell wall. Scale bar=10 µm. (G) PMTVYFP-TGB1 reporter clone carrying Y89Gmutation in TGB3 is conﬁned to single cells; scale bar=20 μm. (H) Cellswith
low expression levels of GFP-TGB2:TGB3 carrying the Y89Gmutation show strong labelling of PD and faint ER association. Scale bar 5=µm. (I) Cells with high expression levels of GFP-TGB2:
TGB3 carrying the Y89Gmutation showno labelling of PD and strong labelling of a ‘normal,’ reticulate ER. Scale bar 5=µm. (J) TGB interactions assessed in the yeast two-hybrid system. TGB3
wild type (wt), TGB3 Y89Gmutant and TGB2 sequenceswere fused to the LexADNA-binding domain (BD) or VP16 activation domain (AD). Transformantswere selected by growth on selective
medium lacking leucine and tryptophan (a) and for protein interactions by agarose overlay assay for ß-galactosidase activity (b) or growth on selectivemedium lacking histidine, leucine and
tryptophan (c). Lanes are BD/AD 1=TGB3wt/TGB3 wt; 2=TGB3 wt /TGB2; 3=TGB3 Y89G/TGB3 wt; 4=TGB3 Y89G /TGB2; 5=TGB3 Y89G/empty. (K, L) BiFC expression of split YFP control
constructs YN plus YC (K) and YN-ER plus YC-ER (L) showing ﬂuorescence reconstituted in the cytoplasm and ER lumen respectively. Scale bar in panel K=20 µm and L=10 µm. (M–O)
Following reconstitutionofYFP,ﬂuorescencewasdetected incells expressingBiFCconstructsYN-TGB3plusYC(M),YN-TGB3plusYC-TGB3(N), andYNplusYC-TGB3(O); scalebars inpanelsM
to O=20 µm.
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Table 2
Detection of YFP ﬂuorescence in BiFC assay.
Protein partners YC YC-TGB3 YC-ER
YN + + −
YN-TGB3 + + −
YN-ER − − +
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ﬂuorescence was seen in 2 or 3 contiguous cells. The Y89G mutation was
also introduced into the bicistronic 35 S::GFP-TGB2:TGB3 plasmid.
However, in these experiments, no differencewas found in TGB3-assisted
PD targeting of GFP-TGB2: cells with low to moderate levels of
ﬂuorescence consistently showed extensive labelling of numerous PD
around the cellular periphery (Fig. 4H). In marked contrast, in cells with
high ﬂuorescence levels only a few or no PD were visible (Fig. 4I).
Interestingly, whilst in the strongly overexpressing cells, the ER was
perturbed after expression of the wild-type TGB3 protein (described
above; Fig. 1G), in cells overexpressing the 35 S::GFP-TGB2:TGB3 Y89G
plasmid retained a normal tubular network (Fig. 4I). Mutation in the
YQDLN motif disrupted PD targeting of ectopically expressed TGB3 and
virus cell-to-cell movement, but not TGB3-assisted PD targeting of TGB2.
Therefore, yeast two hybrid assayswere performed to test whether TGB3
Y89G still interacted with TGB2. Both TGB2 and wild-type TGB3, when
fused to the activation domain (Cowan et al., 2002) showed interactions
with TGB3 Y89G fused to the DNA binding domain (Fig. 4J).BiFC reveals that the N terminus of TGB3 is located in the cytoplasm
It is generally accepted that the N-terminal domain of class 1 TGB3
proteins is located in the ER lumen (Morozov and Solovyev, 2003). Yet
computer programmes that employ different algorithms give contradic-
tory results for membrane topology (Table 1). We employed bimolecular
ﬂuorescence complementation (BiFC) to investigate the topology of TGB3
experimentally (Zamyatnin et al., 2006). Two pairs of split YFP constructs
were used: one pair (YN and YC) that allows cytosolic expression of re-
constituted YFP and another pair (YN-ER and YC-ER) that direct
expression to the ER lumen. In addition, the two halves of YFP were
fused to the N- and C-termini of TGB3. As expected, expression of each
plasmid alone gave no ﬂuorescence, and neither did co-expression of YN
with YC-ER or vice versa (no ﬂuorescent cells detected). On the other
hand, with the combinations YC plus YN or YC-ER plus YN-ER, yellow
ﬂuorescence was re-constituted in the cytoplasm and ER respectively
(Fig. 4K and L; Table 2), indicating that the respective pairs were
functional in the correctly targeted locations. In tests with different
combinations of split YFP-TGB3 fusions, only the combinations YN-TGB3
plus YC (Fig. 4M), YN-TGB3 plus YC-TGB3 (Fig. 4N) and YN plus YC-TGB3
(Fig. 4O) resulted in ﬂuorescence (Table 2). No ﬂuorescence was visible
with the combinations YN-TGB3 plus YC-ER or YC-TGB3 plus YN-ER.
Therefore, these results demonstrate a cytosolic location for the N-
terminus of TGB3.
Constructs in which the YFP segments were fused to the C-terminus
of TGB3 did not reveal ﬂuorescence in any combination, therefore it is
possible thatC-terminal fusionsadversely interferewithTGB3 foldingor
function. To investigate this possibility,wemadea fusionofYFP to the C-
terminus of TGB3. The resulting TGB3-YFP formed a few small inclusion
bodies in the cytoplasm after 5–6 days (data not shown) which appear
to be non-functional aggregates. It is therefore possible that TGB3-split
YFP C-terminal fusions also aggregated, removing them from the pool
available for BiFC. In summary, if the assumedmembrane topologywith
two transmembrane helices is correct, the BiFC data place the N- and C-
termini of TGB3 in the cytoplasm whereas the YQDLN motif resides in
the ER lumen.Table 1
Predicted transmembrane domains and topology.
N terminus TM1 TM2 Programme
In 54–74 170–190 Topred
In 55–74 172–188 TMpred
Out 58–74 172–188 HMMTOP
Out 55–75 172–188 Phobias (TMHMM)Discussion
In this study, live-cell ﬂuorescence microscopy was used to further
investigate the role of TGB3 in PMTV intercellular trafﬁcking and the
TGB3-dependent PD targeting of TGB2. PMTV GFP-TGB2 did not label
PD on its own (Cowan et al., 2002, Haupt et al., 2005), nor when
mRFP-TGB3 was co-expressed from a separate 35 S plasmid (Haupt
et al., 2005). However, TGB2 readily labelled PD when expressed
together with TGB3 from overlapping reading frames in a single
bicistronic plasmid to achieve relative ratios similar to virus
expression. The only difference to a monocistronic 35 S::GFP-TGB2
plasmid (Haupt et al., 2005) was the presence of the TGB3 ORF, which
must be the reason for the altered localisation. Compared with a co-
bombarded 35 S::mRFP-TGB3 plasmid, the bicistronic construct has
an unfused TGB3 ORF and is expected to result in much lower
expression levels of TGB3. It was not possible to create a dual-labelled
bicistronic plasmid, as the 5’ end of the TGB3 ORF overlaps with TGB2
and fusions to the C-terminus of TGB3were non-functional. Therefore,
to distinguish between the effects of TGB3 expression levels and the
fusion to mRFP, unlabelled TGB3 was overexpressed from a separate
35 S plasmid co-bombardedwith the bicistronic GFP-TGB2:TGB3. This
resulted in complete abolishment of GFP-TGB2 PD labeling. Co-
bombardment typically yields very high co-transformation rates
(Zamyatnin et al., 2004). Therefore, the drastically altered localisation
compared to the bicistronic construct alonemust have been caused by
the additional TGB3 protein, demonstrating that TGB3-assisted PD
targeting of GFP-TGB2 depends on the concentration of TGB3 rather
than a deleterious effect of the mRFP-TGB3 fusion. PMTV TGB2 and 3
are capable of both homologous and heterologous interactions
(Cowan et al., 2002). The ratio dependence of PD targeting therefore
indicates that a complex with a deﬁned stoichiometric ratio between
these two viral proteins, and potentially host factors, is required for
correct subcellular localisation. These results are in agreement with
recent studies on BSMV showing that a TGB2:TGB3 ratio of 10:1, as
expressed in a virus infection is optimal for PD localisation (Lim et al.,
2008, 2009).
There are a number of computational methods available to predict
the topology of transmembrane proteins (Möller et al., 2001, 2002)
and these methods are in relatively good agreement in predicting the
presence and location of two transmembrane domains in PMTV TGB3,
TM1 aa 55–74 and TM2 aa 172–188, but give contradictory results as
to the orientation (sidedness) of the protein in the membrane. The
programmes TMpred (Hofmann and Stoffel, 1993) and Topred (Claros
and von Heijne, 1994) (which use local properties of amino acid
sequences with comparisons of known transmembrane proteins and
the positive-inside rule) predict that the PMTV TGB3 N-terminus is in
the lumen, whereas the programmes TMHMM (Kall et al., 2004) and
HMMTOP (Tusnady and Simon, 1998) (which use Hidden Markov
Models) predict that the N-terminus is in the cytoplasm. An
independent evaluation of these methods rated TMHMM and
HMMTOP as the best performers but noted that sidedness was not
well modeled (Möller et al., 2001, 2002). The data from BiFC studies
now provide experimental evidence to support the prediction that the
N-terminus of the PMTV TGB3 protein is located in the cytoplasm.
Assuming that the prediction of two transmembrane domains is
correct (supported by the ﬁnding that deletion of either hydrophobic
domain still left mutant mRFP-TGB3 fusions membrane-associated)
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similar to that found for PMTV TGB2 (Zamyatnin et al., 2006). This
previously unexpected topology of TGB3 has important consequences
for the interpretation of the mutational analysis.
Previously it was found that mutating a conserved YQDLNmotif in
the central loop of PMTVTGB3 toGQDGNprevented TGB3 PD targeting
and also impaired its ability to gate PD (Haupt et al., 2005). Here, we
show that a single point mutation Y89G in this motif (GQDLN) is
sufﬁcient to prevent virus movement when introduced into the
infectious clone. The topology analysis now places this functionally
important motif on the lumenal side of the ER. The YQDLN motif of
TGB3 resembles Tyr-based sorting motifs that are involved in
endocytic internalisation of membrane proteins, but such endocytosis
signals are normally found on the cytosolic face of the endocytosed
cargo (Marks et al., 1997). However, similar Tyr-basedmotifs have also
been found in proteins that mediate ER retention (Mallabiabarrena
et al., 1995). Endocytic Tyr-based sorting motifs with the consensus
sequence YXXΦ are bound by adaptin μ-subunits through interactions
of the tyrosine and Φ residues (Bonifacino and Dell'Angelica, 1999).
The Tyr-based ER retention motif of CD3-ε has a structure similar to
that of Tyr-containing endocytosis signals and could mediate
endocytosis in the appropriate context (Mallabiabarrena et al.,
1995). This indicates that such Tyr-based motifs may mediate protein
interactions, and that the particular function is context dependent
(Mallabiabarrena et al., 1995).
Since PMTV TGB3 and TGB2 interact (Cowan et al., 2002) and TGB3 is
required for PD targeting of TGB2, we investigated whether the effect of
the Y89G mutation on virus movement was due to a disruption of the
TGB3-TGB2 interaction. However, TGB3 Y89G and TGB2 still interacted in
yeast two hybrid assays, and GFP-TGB2 still labelled PD when co-
expressed with TGB3 Y89G from a bicistronic plasmid. The effect of
mutations in the YQDLN motif in abolishing the rather weak PD
localisation of TGB3 itself (Haupt et al., 2005), but not TGB3-assisted PD
targeting of TGB2 indicates that, at the correct expression ratio, TGB2
somehowmasks the effect of the Y89Gmutation. This supports the notion
that accumulation at PD is a function of the TGB2-TGB3 complex rather
than the individual proteins. It isworth noting that high expression levels
in cells bombarded with a GFP2-TGB2:TGB3 Y89G bicistronic plasmid did
not lead to formation of ‘sausage-shaped’ membraneous structures
similar to the wild-type GFP-TGB2:TGB3 bicistronic construct.
The loop regions between transmembrane domains can affect the
position of the hydrophobic helices in the membrane and their
relative orientation (Tastnan et al., 2009). The effects of the Y89G
mutation on virus movement could therefore be related to an altered
membrane topology which still permits interaction with TGB2,
but not other factors required for cell-to-cell transport of a putative
TGB1-RNA complex (Lim et al., 2008).
Our data contrast with those of Solovyev et al. (2000), who found
that disruption of a similar YQDLN motif in PSLV TGB3 by inserting
four amino acids (mut71) prevented the recruitment of co-expressed
GFP-TGB2 to peripheral bodies. This insertion may have had different
structural and topological effects than the exchange of a single
residue. On the other hand, whilst transiently expressed ﬂuorescent
fusion proteins of PSLV TGB3 have repeatedly been localised in
peripheral bodies close to PD (Solovyev et al., 2000; Zamyatnin et al.,
2002; Gorshkova et al., 2003; Schepetilnikov et al., 2008) in the latter
three publications, smaller PD-associated structures were also visible
and Zamyatnin et al. (2002) commented that the size of peripheral
bodies they saw was proportional to the amount of TGB3 in each cell.
Moreover, PSLV GFP-TGB3 expressed in transgenic N. benthamiana
plants did not form large cell wall-associated peripheral bodies but
did label PD (Gorshkova et al., 2003). We suggest that these various
peripheral bodies and PD-associations may represent the same
functional structures, but that retention of the TGB2/3 complex at
PD is more sensitive to expression levels than the interaction and co-
localisation of TGB2 and TGB3 in endomembranes. In this paper and asreported by others (Millar et al., 2009; Moore and Murphy, 2009) it
was shown that high levels of expression can produce remarkably
different phenotypes.
The study of larger deletions in TGB3 showed that removal of 56
amino acids at the cytoplasmic N terminus did not affect subcellular
localisation of the fusion protein, similar to results reported for PSLV
and BSMV TGB3 (Solovyev et al., 2000; Lim et al., 2009). However,
removal of the ﬁrst transmembrane domain and adjacent hydrophilic
amino acids (mutants ΔN80 and ΔN100) had a major impact. Both
mutants lost association with the ER, motile granules and PD and no
longer co-localised with TGB2 in the same membrane compartments.
Since integral membrane proteins are co-translationally inserted into
the lipid bilayer (Rapoport et al., 2004), these results are probably due
to general mistargeting of the protein in the absence of the ﬁrst
transmembrane helix. These observations differ markedly from
studies with PLSV TGB3 deletion mutants (Schepetilnikov et al.,
2008) where the ﬂuorescent phenotype of mutant dN (lacking TM1,
equivalent to PMTV mutant ΔN80) was the same as wild-type PSLV
TGB3, and PSLV TGB3 mutant dA (equivalent to mutant ΔN100) was
seen to be localised to the tubular ER network. It may be that a
proportion of the pool of the TGB3 ΔN80 and ΔN100 mutant proteins
is incorrectly inserted into the ER in the wrong orientation and non-
functional, resulting in mistargeting or degradation. Both deletion
mutants labelled intracellular membranes other than the ER and
produced some cytosolic ﬂuorescence which would support this
hypothesis.
The PMTV TGB3mutantΔC33, lacking the TM2 domain, retained ER
and motile granule association but was not targeted to PD and this is
consistent with ﬁndings for PSLV TGB3 that TM2 is important in PD
targeting (Schepetilnikov et al., 2008). Interestingly, PMTVTGB3mutant
ΔC33 still co-localisedwith TGB2 (Fig. 3O). ER association and TGB2 co-
localisation indicate that loss of TM2 had less severe topological effects
thanof TM1, but it is difﬁcult to separate sequence-speciﬁc or structural-
speciﬁc functions and without structural data it is not possible to
interpret these results further. The mutant ΔC2 phenotype was similar
towild type. This differs from resultswith BSMVTGB3wheredeletion of
ﬁve C-terminal amino acid residues resulted in the formation of large
aggregates at the periphery of the cell (Lim et al., 2009). However, when
plasmolysis experiments were done in tobacco, a host for PMTV, rather
than onion epidermal cells (a non-host; Haupt et al., 2005), we found
that PMTV TGB3 behaved similarly to BSMV TGB3 (Lim et al., 2009)
regarding its association with the cell wall: both wild-type proteins
remained associated with the cell wall (and in the case of PMTV, PD)
after plasmolysis. The C-terminal arginine residue of BSMV TGB3 was
shown to be important for stable cell wall association (Lim et al., 2009)
and similarly removal of the two hydrophilic, C-terminal residues of
PMTV TGB3 (ΔC2) resulted in retraction into the protoplast upon
plasmolysis. Comparisons of six published sequences of PMTV TGB3 in
theNCBI database and the sequences of tenPeruvian isolates (Savenkov,
unpublished) reveal that the two C-terminal residues vary, being either
RC or RY, which suggests that the terminal residue is not critical for
infectivity and that the arginine residuemay be responsible for cell wall
retention, similar to BSMV. According to the topology analysis, this
arginine is positioned on the cytoplasmic face of the ER membrane.
Potentially, its role in cell wall association of TGB3 could be due to an
interaction with plasma membrane (PM) proteins at ER-PM contact
sites (Staehelin, 1997).
Conclusions
Summarising the information on the relation of TGB3 structure to
its function (Fig. 5), a complex picture emerges. The ﬁrst transmem-
brane domain seems necessary for correct ER insertion of TGB3,
making it difﬁcult to separate its function from a role in overall
protein structure, but it may be involved in interaction with TGB2
as deletion of the second transmembrane domain (ΔC33) did not
Fig. 5. Summary diagram correlating the presence (✓) or absence (✗) of sub domains of TGB3 with subcellular localisations and association with TGB2. Wild-type TGB3 andmutants
are described in Fig. 2. Details of the mutant diagrams in the table are shown in the wild-type diagram at the top left. The mutant pTyr (Haupt et al., 2005) carrying two amino acid
mutations in the Tyr-based motif changing YQDLN to GQDGN is included in the table for comparison.
48 J. Tilsner et al. / Virology 402 (2010) 41–51abolish co-localisation and the lumenal Y89G mutation also had no
effect on the interaction. On the other hand, other amino acids in the
TGB3 central loop may be involved in contacting TGB2 as has been
found for PSLV (Solovyev et al., 2000) and BSMV (Lim et al., 2008).
The lumenal loop and the second transmembrane domain play a role
in PD targeting of TGB3. The tyrosine motif requires correct
positioning on the lumenal side of the ER through the transmem-
brane domains. Several lines of evidence, including the requirement
of the second transmembrane domain for TGB3 PD localisation, the
distortion of ER morphology by overexpression of a bicistronic GFP-
TGB2:TGB3 plasmid but not the equivalent construct containing the
nonfunctional TGB3 Y89G mutation, and the TGB2:TGB3 ratio-
dependence of PD targeting indicate that protein–lipid interactions
or protein–protein interactions within the lipid bilayer play a role in
PD localisation of the TGB2 and 3 proteins. In this, there is a similarity
to the targeting of the PD protein PDLP1 (Thomas et al., 2008), whose
single transmembrane domain is sufﬁcient to direct ﬂuorescent
reporter proteins to the pore. However, PDLP1 uses the COPII-
dependent, Brefeldin A-sensitive exocytic pathway which does not
seem to be required for targeting TGB proteins (Haupt et al., 2005;
Schepetilnikov et al., 2008). It may be more useful to think of the PD
association of TGB2/3 in terms of the self-organising principlessorting proteins into membrane microdomains rather than classical
receptor-mediated protein sorting and parallels could perhaps be
drawn to the human integral membrane protein CLIMP-63 which is
restricted to the tubular rough ER through homologous interactions
of its lumenal domain (Klopfenstein et al., 2001). Another self-sorting
mechanism is by preferential interactions of transmembrane helices
of certain length with speciﬁc lipid environments. Single-pass
transmembrane proteins with shorter transmembrane domains
tend to stay in the ER whilst increasing length directs them to the
cell periphery, and plasma membrane (Brandizzi et al., 2002; Ronchi
et al., 2008). For TGB3 with two transmembrane domains of
presumably 20–21 (TM1, three out of four predictions, Table 1) and
17 amino acids (TM2, three out of four predictions), the relative roles
of these domains remain unclear.
Our results are consistent with a model where a complex of TGB2
and TGB3 with a deﬁned stoichiometric ratio and possibly three-
dimensional arrangement associates with motile membrane compart-
ments of the ER through protein–protein and protein–lipid interactions.
When the complex passes PD during intracellular movement on the
cortical ER, it becomes anchored through further protein–protein and/
or protein–lipid interactions, e.g. with components of the desmotubule
(representing the PD-speciﬁc ER subcompartment).
49J. Tilsner et al. / Virology 402 (2010) 41–51Material and methods
Plasmid constructions
Plasmids 35 S::mRFP-TGB3 and 35 S::GFP-TGB2, which express
mRFP-TGB3 and GFP-TGB2 under the control of the cauliﬂower mosaic
virus 35 S promoter, were prepared as reported in Haupt et al. (2005).
Plasmid 35 S::30 K(TMV)-mRFP is as described in Gillespie et al. (2002).
A bicistronic construct, 35 S::GFP-TGB2:TGB3, was generated
through an overlap PCR method. The sequence encoding the TGB2
and TGB3 overlapping reading frames was ampliﬁed from pPMTV3
(Savenkov et al., 2003) with primers EGFP-P2-Fwd (Table 3) and P3-
Free-Xba-Rev. The EGFP sequence was ampliﬁed using primers Nco-
EGFP-Fwd and P2-EGFP-Rev. The products of these two reactions
were combined as template in an overlap extension PCR using primers
Nco-EGFP-Fwd and P3-Free-Xba-Rev. The ﬁnal product was cloned
into pGEM-T Easy (Promega) prior to NcoI/XbaI digestion and cloning
into likewise digested pRTL2 (Restrepo-Hartwig and Carrington,
1994).
Plasmid 35 S::mRFP-TGB3 was used as template to prepare ﬁve
TGB3 deletion mutants (Fig. 2). The ﬁrst three mutants were pre-
pared through overlap extension PCR. Mutant ΔN56 (comprising a
deletion of the 56 N-terminal amino acids) was generated using the
primary products of amplifying the mRFP gene with primers 5’-Nco-
RED and 3’-RFP-56, and part of the TGB3 gene with primers 56-Fwd
and Rev-End-21. Mutant ΔN80 (comprising a deletion of the 80 N-
terminal amino acids, including the ﬁrst predicted trans-membrane
domain; TM1) was generated using the primary products of am-
plifying the mRFP gene with primers 5’-Nco-RED and 3’-RFP-80, and
part of the TGB3 gene with primers 80-Fwd and Rev-End-21. Mutant
ΔN100 (deletion of the 100 N-terminal amino acids) was generated
using the primary products of amplifying the mRFP gene using
primers 5’-Nco-RED and RFP-PTYR, and part of the TGB3 gene using
PTYR-Fwd and Rev-End-21. For the ﬁrst three mutants the products
of primary pairs of ampliﬁcations were combined and used as
templates in secondary PCRs with primers 5’-Nco-RED and Rev-End-Table 3
Primers used in plasmid constructions.







(Reverse complement of primer 56-Fwd).
56-Fwd CTCCACCGGCGCCTTGTTAGTGGCTTTTG
(mRFP nts 663–675 underlined, TGB3 nts 169–184 in bold).
Rev-End-21 CGCGGATCCTTAACAACGAGCTAAC
(Reverse complement of TGB3 nts 558–573 in bold).
3’-RFP-80 CGTATCAGAAGCTTCGGCGCCGGTGGAG
(Reverse complement of primer 80-Fwd).
80-Fwd CTCCACCGGCGCCGAAGCTTCTGATACG
(mRFP nts 663–675 underlined, TGB3 nts 242–255 in bold).
RFP-PTYR CAGTTTAATTTCAACGGCGCCGGTGGAG












AACGAGCTAACATAGCACCCAC21. The three ﬁnal PCR products were subcloned into pGEM-T Easy
and NcoI/BamHI digestion products cloned in to likewise digested
pRTL2.
The fourth and ﬁfth deletion mutants were constructed using a
QuikChange Site-Directed Mutagenesis kit (Stratagene, La Jolla, CA).
Mutant ΔC33 was produced by the introduction of a stop codon
following the codon for Serine 156 of the TGB3 gene preventing
translation of the C-terminal 33 amino acids, including the second
predicted trans-membrane domain. Site-directed mutagenesis was
performed with primers C33-Fwd and its reverse complement C33-
Rev. Mutant ΔC2 was produced by the introduction of a stop codon
following the codon for Alanine 188 of the TGB3 gene preventing
translation of the C-terminal 2 amino acids. Site-directed mutagenesis
was performed with primers C2-Fwd and its reverse complement C2-
Rev. The QuikChange Site-Directed Mutagenesis kit was also used to
change Tyrosine 89 for glycine in the TGB3 YQDLN motif in both the
bicistronic 35 S::GFP-TGB2:TGB3 plasmid and a full-length RNA-TGB.
YFP-TGB1 cDNA clone using primers Mut1-For and its reverse
complement Mut1-Rev.
To create constructs for the expression of YFP fused to the C-terminus
of TGB3, the TGB3 gene was ampliﬁed from pPMTV3 using primers attB-
5’-P3 and attB-3’-P3 and recombined into pDONR207 (Invitrogen) using
Gateway BP Clonase II (Invitrogen). The insert of the resulting entry clone
was veriﬁed by sequencing prior to transfer into pGWB441 (Nakagawa
et al., 2007) using Gateway LR Clonase II, resulting in translational fusion
to the N-terminus of YFP. The TGB3-YFP fusion protein has an addi-
tional 12 amino acid insertion due to the attB2 Gateway linker: [TGB3]-
LARC-YPAFLYKVVDNS-M-[YFP], including the last four residues of TGB3
and the Methionine of YFP.
Bimolecular ﬂuorescence complementation (BiFc)
To generate binary constructs for the expression of TGB3 fusions to
the C-termini of the split-YFP peptides described by Bracha-Drori et al.
(2004a,b), the TGB3 gene was PCR ampliﬁed with primers that
introduced ﬂanking SalI and SacI sites. The digested PCR product was
inserted between the same sites of pSY736 and pSY735 to place the
TGB3 gene at the 3’ end of the YN and YC genes. The plasmids
produced were digested with SbfI and the cassettes encompassed by
the 35 S promoter and terminator sequences cloned in to the PstI site
of pGreenII 0229 (Hellens et al., 2000). For expression of unfused,
split-YFP peptides, plasmid derivatives of pSY736 and pSY735,
containing an RfC1 Gateway cassette (Invitrogen) introduced be-
tween T4 DNA polymerase treated SalI and BamHI sites, were digested
with HindIII and the cassettes encompassed by the 35 S promoter and
terminator sequences cloned in to the HindIII site of pGreenII 0229.
BiFc plasmids YN-ER and YC-ER were as reported in Zamyatnin et al.
(2006).
Yeast two hybrid assay
The DNA-binding clone pLex-TGB3 (Cowan et al., 2002) was used as
template to create pLex-TGB3 Y89G using the QuikChange Site-Directed
Mutagenesis kit with primers Mut1-For and Mut1-Rev (Table 3).
Saccharomyces cerevisiae strain L40 was co-transformed with combina-
tions of pLex DNA-binding and pVP16 activation domain clones and the
interactions were revealed using an agarose overlay plate assay and
growth on selectivemedia as described previously (Cowan et al., 2002).
Plant material and inoculations
Plants were grown from seed and maintained in a glasshouse with
a day length of 16.5 h, minimum daytime temperature of 28 °C and
minimum night-time temperature of 22 °C. Supplementary lighting
was provided below a daytime threshold of 250 Wm-2, and sun
screening was used above 400 W m-2. Plants were used for
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genic plants were used: N. benthamiana plants expressing GFP in the
ER, (35 S::mGFP5-ER), kindly provided by D. Baulcombe; N. tabacum
expressing TMV-30 K movement protein fused to GFP (35 S::TMV-
30 K-GFP) (Reichel and Beachy, 2000).
RNA 1 and RNA TGB in vitro transcripts were synthesised fromMluI-
linearised (RNA 1) or SpeI-linearised (RNA TGB) cDNA using the
mMessage mMachine T7 kit (Ambion) following the manufacturers’
instructions. Transcripts were mixed with GKP (50 mM glycine, 30 mM
K2HPO4, pH 9.4, 1% bentonite, 1% celite) buffer and mechanically
inoculated onto 4 week old N. benthamiana plants. Leaves were imaged
2–3 days after inoculation.
For microprojectile bombardment, 35 S plasmid constructs were
mixed with ethanol and precipitated on 1 μm Gold Micro Carrier
(BioRad, Hemel Hempstead, UK) and introduced into epidermal cells
of N. benthamiana or N. tabacum by biolistic bombardment using
equipment and a method essentially as described by Gal-On et al.
(1997). Cells were imaged 2 days after bombardment.
To stain callose with aniline blue, leaves were inﬁltrated with 0.01%
(w/v) aniline blue in 0.07 M Sorensen's phosphate buffer, pH 7.5.
Images were recorded as described below using 405 nm excitation and
the ﬂuorescent emissions collected in the range of 480 to 510 nm.
Plasmolysis experiments
Plasmids 35 S::mRFP-TGB3, mutant 35 S::mRFP-TGB3 ΔC2 and
bicistronic 35 S::GFP-TGB2:TGB3 were introduced into 6 week old N.
tabacum Samsun epidermal cells by particle bombardment. One day
post-bombardment, the leaves were detached and their lower surface
inﬁltrated with 700 mM sorbitol. The sample was then ﬂoated on
700 mM sorbitol for 18 h before imaging.
Confocal laser scanning microscopy
Images were collected from intact leaves, mounted onto glass
microscope slides, using a Leica TCS SP2 confocal laser scanning
microscope equipped with water-dipping lenses (Leica, Mannheim,
Germany). For plasmolysis experiments, water was substituted with
700 mM sorbitol as the dipping medium to maintain cells in the
plasmolysed state. GFP and YFP were imaged using 488 nm excitation
with emissions detected from 500 to 530 nm. mRFPwas imaged using
561 nm excitation and emission detected from 580 to 600 nm. Images
were collected using Leica LCS software and imported into Adobe
Photoshop andAdobe Illustrator (Adobe Systems Inc. Palo Alto, CA) for
preparation of publication ﬁgures. All images shown were represen-
tative of results from aminimumof two independent experiments and
usually three ormorewith at least 10 cells imaged in each experiment.
Acknowledgments
The suggestions by two anonymous reviewers signiﬁcantly im-
proved the manuscript and are gratefully acknowledged. We thank the
Scottish Government's Rural and Environmental Research and Analysis
Directorate for ﬁnancial support. E.I.S research is supported by the
Swedish Research Council for Environment, Agricultural Sciences and
Spatial Planning (FORMAS, grant 2008-1047).
References
Bonifacino, J.S., Dell'Angelica, E.C., 1999. Molecular bases for the recognition of tyrosine-
based sorting signals. J. Cell Biol. 145, 923–926.
Bracha-Drori, K., Shichrur, K., Katz, A., Oliva, M., Angelovici, R., Yalovsky, S., Ohad, N.,
2004a. Detection of protein–protein interactions in plants using bimolecular
ﬂuorescence complementation. Plant J. 40, 419–427.
Bracha-Drori, K., Shichrur, K., Katz, A., Oliva, M., Angelovici, R., Yalovsky, S., Ohad, N.,
2004b. Detection of protein–protein interactions in plants using bimolecular
ﬂuorescence complementation. Plant J. 40, 419–427.Brandizzi, F., Frangne, N., Marc-Martin, S., Hawes, C., Neuhaus, J.M., Paris, N., 2002. The
destination for single-pass membrane proteins is inﬂuenced markedly by the
length of the hydrophobic domain. Plant Cell 14, 1077–1092.
Claros, M.G., Von Heijne, G., 1994. Toppred-II: an improved software for membrane-
protein structure predictions. Comput. Appl. Biosci. 10, 685–686.
Cowan, G.H., Lioliopoulou, F., Ziegler, A., Torrance, L., 2002. Subcellular localisation,
protein interactions, and RNA binding of potato mop-top virus triple gene block
proteins. Virology 298, 106–115.
Erhardt, A., Vetter, G., Gilmer, D., Bouzoubaa, S., Richards, K., Jonard, G., Guilley, H., 2005.
Subcellular localization of the Triple Gene Block movement proteins of Beet
necrotic yellow vein virus by electron microscopy. Virology 340, 155–166.
Gal-On, A., Meiri, E., Elman, C., Gray, D.J., Gaba, V., 1997. Simple hand-held devices for
the efﬁcient infection of plants with viral-encoding constructs by particle
bombardment. J. Virol. Methods 64, 103–110.
Gillespie, T., Boevink, P., Haupt, S., Roberts, A.G., Toth, R., Vantine, T., Chapman, S.,
Oparka, K.J., 2002. Functional analysis of a DNA shufﬂed movement protein reveals
that microtubules are dispensable for the cell-to-cell movement of tobacco mosaic
virus. Plant Cell 14, 1207–1222.
Gorshkova, E.N., Erokhina, T.N., Stroganova, T.A., Yelina, N.E., Zamyatnin, A.A., Kalinina,
N.O., Schiemann, J., Solovyev, A.G., Morozov, S.Y., 2003. Immunodetection and
ﬂuorescent microscopy of transgenically expressed hordeivirus TGBp3 movement
protein reveals its association with endoplasmic reticulum elements in close
proximity to plasmodesmata. J. Gen. Virol. 84, 985–994.
Haupt, S., Cowan, G.H., Ziegler, A., Roberts, A.G., Oparka, K.J., Torrance, L., 2005. Two
plant-viral movement proteins trafﬁc in the endocytic recycling pathway. Plant Cell
17, 164–181.
Hellens, R.P., Edwards, E.A., Leyland, N.R., Bean, S., Mullineaux, P.M., 2000. pGreen: a
versatile and ﬂexible binary Ti vector for Agrobacterium-mediated plant transfor-
mation. Plant Mol. Bio. 42, 819–832.
Hofmann, K., Stoffel, W., 1993. TMbase: a database of membrane spanning protein
segments. Biol. Chem. Hoppe-Seyler 374, 166–171.
Jackson, A.O., Lim, H.-S., Bragg, J., Ganesan, U., Lee, M.Y., 2009. Hordeivirus replication,
movement and pathogenesis. Annu. Rev. Phytopathol. 47, 385–422.
Kall, L., Krogh, A., Sonnhammer, E.L.L., 2004. A combined transmembrane topology and
signal peptide prediction method. J. Mol. Biol. 338, 1027–1036.
Klopfenstein, D.R., Klumperman, J., Lustig, A., Kammerer, R.A., Oorschot, V., Hauri, H.-P.,
2001. Subdomain-speciﬁc localization of CLIMP-63 (p63) in the endoplasmic
reticulum is mediated by its luminal α-helical segment. J. Cell Biol. 153,
1287–1299.
Lawrence, D.M., Jackson, A.O., 2001. Interactions of the TGB1 protein during cell-to-cell
movement of Barley stripe mosaic virus. J. Virol. 75, 8712–8723.
Lim, H.-S., Bragg, J.N., Ganesan, U., Lawrence, D.M., Yu, J.L., Isogai, M., Hammond, J.,
Jackson, A.O., 2008. Triple gene block protein interactions involved in movement of
Barley stripe mosaic virus. J. Virol. 82, 4991–5006.
Lim, H.-S., Bragg, J.N., Ganesan, U., Ruzin, S., Schichnes, D., Lee, M.Y., Vaira, A.M., Ryu, K.H.,
Hammond, J., Jackson, A.O., 2009. Subcellular localization of the Barley stripe mosaic
virus triple gene block proteins. J. Virol. doi:10.1128/JVI.00739-09.
Mallabiabarrena, A., Angeles Jiménez, M., Rico, M., Alarcón, B., 1995. A tyrosine-
containing motif mediates ER retention of CD3-ε and adopts a helix-turn structure.
EMBO J. 14, 2257–2268.
Marks, M.S., Ohno, H., Kirchhausen, T., Bonifacino, J.S., 1997. Protein sorting by tyrosine-
based signals: adapting to the Ys and wherefores. Trends Cell Biol. 7, 124–128.
Millar, A.H., Carrie, C., Pogson, B., Whelan, J., 2009. Exploring the function-location
nexus: using multiple lines of evidence in deﬁning the subcellular location of plant
proteins. Plant Cell 21, 1625–1631.
Möller, S., Croning, M.D.R., Apweiler, R., 2001. Evaluation of methods for the prediction
of membrane spanning regions. Bioinformatics 17, 646–653.
Möller, S., Croning, M.D.R., Apweiler, R., 2002. Evaluation of methods for the prediction
of membrane spanning regions. Erratum Bioinformatics 18, 218.
Moore, I., Murphy, A., 2009. Validating the location of ﬂuorescent protein fusions in the
endomembrane system. Plant Cell 21, 1632–1636.
Morozov, S.Y., Solovyev, A.G., 2003. Triple gene block: modular design of a
multifunctional machine for plant virus movement. J. Gen. Virol. 84, 1351–1366.
Nakagawa, T., Suzuki, T., Murata, S., Nakamura, S., Hino, T., Maeo, K., Tabata, R., Kawai,
T., Tanaka, K., Niwa, Y., Watanabe, Y., Nakamura, K., Kimura, T., Ishiguro, S., 2007.
Improved gateway binary vectors: high-performance vectors for creation of
fusion constructs in transgenic analysis of plants. Biosci. Biotech. Biochem. 71,
2095–2100.
Rapoport, T.A., Goder, V., Heinrich, S.U., Matlack, K.E.S., 2004. Membrane-protein
integration and the role of the translocation channel. Trends Cell Biol. 14 (568), 575.
Reichel, C., Beachy, R.N., 2000. Degradation of tobacco mosaic virus movement protein
by the 26 S proteasome. J. Virol. 74, 3330–3337.
Restrepo-Hartwig, M.A., Carrington, J.C., 1994. The tobacco etch potyvirus 6-kilodalton
protein is membrane associated and involved in viral replication. J. Virol. 68,
2388–2397.
Ronchi, P., Colombo, S., Francolini, M., Borgese, N., 2008. Transmembrane domain-
dependent partitioning of membrane proteins within the endoplasmic reticulum.
J. Cell Biol. 181, 105–118.
Savenkov, E.I., Germundsson, A., Zamyatnin, A.A., Sandgren, M., Valkonen, J.P.T., 2003.
Potato mop-top virus: the coat protein-encoding RNA and the gene for cysteine-rich
protein are dispensable for systemic virusmovement inNicotiana benthamiana. J. Gen.
Virol. 84, 1001–1005.
Schepetilnikov, M.V., Solovyev, A.G., Gorshkova, E.N., Schiemann, J., Prokhnevsky, A.I.,
Dolja, V.V., Morozov, S.Y., 2008. Intracellular targeting of a hordeiviral membrane-
spanning movement protein: sequence requirements and involvement of an
unconventional mechanism. J. Virol. 82, 1284–1293.
51J. Tilsner et al. / Virology 402 (2010) 41–51Solovyev, A.G., Savenkov, E.I., Agranovsky, A.A., Morozov, S.Y., 1996. Comparisons of the
genomic cis-elements and coding regions in RNA beta components of the
hordeiviruses Barley stripe mosaic virus, Lychnis ringspot virus, and Poa semilatent
virus. Virology 219, 9–18.
Solovyev, A.G., Stroganova, T.A., Zamyatnin, A.A., Fedorkin, O.N., Schiemann, J.,
Morozov, S.Y., 2000. Subcellular sorting of small membrane-associated triple
gene block proteins: TGBp3-assisted targeting of TGBp2. Virology 269, 113–127.
Staehelin, L.A., 1997. The plant ER: a dynamic organelle composed of a large number of
functional domains. Plant J. 11, 1151–1165.
Tastnan, O., Klein-Seetharaman, J., Meirovitch, H., 2009. The effect of loops on the
structural organization of α-helical membrane proteins. Biophys. J. 96, 2299–2312.
Thomas, C.L., Bayer, E.M., Ritzenthaler, C., Fernandez-Calvino, L., Maule, A.J., 2008.
Speciﬁc targeting of a plasmodesmal protein affecting cell-cell communication.
PLoS Biol. 6, e7.
Tomenius, K., Clapham, D., Meshi, T., 1987. Localization by immunogold cytochemistry
of the virus-coded 30 k protein in plasmodesmata of leaves infected with tobacco
mosaic virus. Virology 160, 363–371.Tusnady, G.E., Simon, I., 1998. Principles governing amino acid composition of integral
membrane proteins: application to topology prediction. J. Mol. Biol. 283, 489–506.
Verchot-Lubicz, J., Ye, C.M., Bamunusinghe, D., 2007. Molecular biology of potexviruses:
recent advances. J. Gen. Virol. 88, 1643–1655.
Zamyatnin, A.A., Solovyev, A.G., Sablina, A.A., Agranovsky, A.A., Katul, L., Vetten, H.J.,
Schiemann, J., Hinkkanen, A.E., Lehto, K., Morozov, S.Y., 2002. Dual-colour imaging
of membrane protein targeting directed by poa semilatent virus movement protein
TGBp3 in plant and mammalian cells. J. Gen. Virol. 83, 651–662.
Zamyatnin, A.A., Solovyev, A.G., Savenkov, E.I., Germundsson, A., Sandgren, M.,
Valkonen, J.P.T., Morozov, S.Y., 2004. Transient coexpression of individual genes
encoded by the triple gene block of Potato mop-top virus reveals requirements for
TGBp1 trafﬁcking. Mol. Plant-Microbe Interact. 17, 921–930.
Zamyatnin, A.A., Solovyev, A.G., Bozhkov, P.V., Valkonen, J.P.T., Morozov, S.Y., Savenkov,
E.I., 2006. Assessment of the integral membrane protein topology in living cells.
Plant J. 46, 145–154.
Zhou, H.A., Jackson, A.O., 1996. Expression of the barley stripe mosaic virus RNA beta
''Triple gene block''. Virology 216, 367–379.
